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FOREWORD

This report describes the work performed during the period 27 June 1968
to 16 June 1969 under Contract NAS8-21310 for the NASA Marshall Space
Flight Center. The NASA Technical Monitor was Mr. C.R. Bailey, and
Dr. Uno Ingard of the Massachusetts Institute of Technology served as
technical consultant. Special acknowledgement is given to C.R. Bailey
for suggesting the possible correlation between acoustic resistance and
aperture flow coefficients, and to Senior Experimental Engineer J.A. Lipsit
of Pratt & Whitney Aircraft for his help in the development of the elec-
tronic system for the pressure-phase impedance measuring apparatus used

on this program.
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Total Pressure in Front of Sample
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Incident Pressure

Static Pressure
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Time Independent Resistance
Chamber Radius
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SECTION

The ovbjectives of Lhe work performed during the first year of effort
under Contract NAS8-21310 were (1) to improve the present acoustic liner
design theory in the high frequency and high sound pressure regime, and
(2) to develop and demonstrate, using a cold-flow acoustic device, the
techniques required for the measurement of absorbing liner acoustical
characteristics during hot firings of rocket chambers. To meet these

objectives, three tasks were defined, as described below.
A, TASK I - HIGH FREQUENCY ANALYSIS

Conduct experimental investigations using an existing standing wave
impedance measuring device at frequencies up to 8000 Hz and at sound
pressure levels to approximately 160 decibels (db)* and use the data, ob-
tained by the pressure ratio-phase angle method, to provide the basis for
a new or an improved absorbing liner design theory. In addition, obtain
sufficient data at frequencies lower than 2000 Hz for comparison with

standard ASTM impedance tube data.
B. TASK II - CHAMBER SIMULATOR FABRICATION

Fabricate a cylindrical cold-flow test apparatus for the purpose of
obtaining resonator impedance data in a simulated rocket thrust chamber.
The chamber to be equipped with a high-intensity sound generator capable
of exciting a tangential mode of instability. The capability for gas
flow through and past the resonators to be provided. Sound pressure
level capability to be at least 160 db with frequencies to approximately
2000 Hz.

C. TASK III - SIMULATOR EXPERIMENTS

Conduct tests to determine any differences in the performance of
resonator arrays between standing wave impedance tube data and tangential
wave data obtained during tests of the apparatus fabricated under Task II.
It was expected that this series of testing would develop the techniques
and give a preliminary definition of the limitations of absorber impedance

measurement during thrust chamber firings.

*In this report, all pressures expressed in db are based on a reference
pressure of 0.0002 microbar.
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SECTION II
SUMMARY OF ACCOMPLISHMENTS

Under Task I, 23 resonator assemblies (samples) were used in an
existing high-frequency impedance measuring device to supply data for
analysis. More than 300 data points were obtained at sound pressures up
to 176 db. Analysis of the resistance data revealed the existence of
significant sample-to-sample differences that were found to be caused by
minute nonuniformities in the aperture edges. Excellent correlation of
resistance data was obtained using a time independent flow coefficient
as a measure of the edge effects. An equation expressing the functional
relationship between resistance, particle velocity, density, and flow
coefficient was formulated from an analogy with time-independent flow.
The agreement of reactance data with experiment was found to be good,
but some improvement through the use of a simple expression for the
effective aperture length was noted. Comparisons of nonlinear correc-
tion factors computed from the high-frequency data were made with those
obtained using ASTM probe-type impedance tubes by correlating the correc-
tion factors with sound pressure level. Agreement was found to be only
fair with a considerable amount of scatter in the factors computed from
the new data. The scatter was attritubed to both aperture edge effects
and to the extremely wide range of geometric variables and conditions
over which the experiments were conducted. No attempts to improve the
correlation between the new factors and SPL were made because the correct
proportionality between resistance and particle velocity is not expressed

by the equation from which the correction factor is defined.

Under Task II, a static (no flow) chamber simulator was used to pro-
vide preliminary acoustic data on which the design of flow-type apparatus
could be based. From the results of the preliminary experiments, it was
shown that with a partitioned liner, the effects of incidence angle were
negligible; therefore, either normal or tangential standing wave impedance
measuring devices could be employed for the simulator flow experiments.
The existing high-frequency impedance tube was modified for testing with
flow through the apertures, and a new tube was designed for the experi-

ments with flow past the apertures.

II-1
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Simulator experiments (Task III) with flow past or with flow through
the apertures showed that the empirical theory derived from probe-type
impedance tubes predicted effects of flow on resistance to be signifi-
cantly greater than that measured using the pressure-phase impedance
measuring techniques. Reasons for the observed differences are believed
to be caused by limitations and inaccuracies inherent to the probe-type
impedance device when used with net flows. New empirical correlations,
based on the simulator data, were formulated for use in liner design

analyses.

From the results of the work reported herein, it is recommended that
the following equations be used in the analytical design of absorbing
liners; an example of one way in which the equations may be applied is

presented in Appendix A,

Acoustic resistance with no net flow in the nonlinear regime charac-

terized by particle velocities = 60 ft/sec:

R = 0.37 pu(Cg)~2 (II-1)
or 2

0»= 0.37 u/Cy coy (II1-2)
For velocities less than 60 ft/sec

R = (Bwpw /% (1 + t/d) (11-3)

is a reasonable approximation; however, some uncertainty still exists as
to how aperture edge effects should be considered at lower particle
velocities, It is therefore recommended that further analysis be con-
ducted in an attempt to improve the theory for use in the transition

and linear regimes.

The acoustic reactance of a partitioned cavity of backing depth smaller
than quarter wave length can be computed for a conventional resonator array

with cavity cross-sectional area approximately equal to facing surface area

from
X = [effw _ < (I1-4)
cOo Lw
where
Legg = € + 4. (11-5)

I1-2
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For situations with flow through or past the apertures the following

should be used?

Flow through the apertures:

M

T
0 = —3 where M = 0.5 My (1I-6)
Cf 01
If the net flow through the apertures is less than 0.5 Myp, then equa-
tion (II-2) should be used. The reactance for any flow-through velocity

is computed from equations (II-4) and (II-5).
Flow past the apertures:
6=»0NF (1 +1.9 Mp) (11-7)

where ONF is the resistance calculated from equation (II-2), i.e., for

no zero net flow. The equation

foce T (t+d)(1 - 1.65M) (11-8)

should be used to calculate the effective length and then used in equa-

tion (II-4) to compute the reactance with flow past the apertures.

It is recommended that further experiments be conducted to better
define the effect of higher, i.e., greater than a Mach number of 0.26,
gas flow past on the acoustic characteristic of a resonator. The experi-
ments should be conducted with media of different density to determine if
the flow effects are dependent upon velocity or Mach number and with
samples of various thickness, open area ratio, backing cavity depth,

and aperture diameter.

The extrapolation of the liner design theory, based on the results of
cold-flow experiments to hot-firing conditions, introduces significant
uncertainties, primarily because the magnitude of pressure oscillations,
particle velocities, and gas flow can only be approached in cold-flow

simulations. In the past, it has been necessary to assume that the

*From the results of previous experiments (Reference 2), it was found
that, for liners subjected to simulataneous flow through and past the
apertures, the acoustic resistance should be computed as if only flow
through were present.

II-3
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results from the cold-flow experiments would be applicable to hot-firing
situations principally because no reliable experimental techniques for
making similar measurements during firings were known. Efforts under

the present program have shown the pressure-phase impedance measuring
technique to be an extremely precise experimental tool that can be
readily adapted to hot-firing experiments. It is, therefore, recommended
that such experiments be conducted for the purpose of verifying and im-
proving, if necessary, the above design theory. Finally, it is also
suggested that attempts be undertaken to improve the absorbing liner

design theory for unpartitioned liners.

I1-4
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SECTION III
TASK I - HIGH FREQUENCY ANALYSIS

The absorption coefficient used in the analytical design of acoustic

liners is computed from

a = 46

- _ (I11-1)
@+1)% + x?

where 0 is the specific acoustic resistance and X is the specific acous-

tic reactance of the resonator arrays. At frequencies near resonance

where most liners are designed to operate, the resistance is much greater
than the reactance (8>>X); thus, the resistance is the controlling

factor in predicting the absorption of the liner.

For sound intensities of less than 100 db, where viscous drag caused
by the oscillatory flow of gas through the apertures is the principal
mechanism for energy loss, the resistance can be determined with suffi-
cient accuracy using existing theory. But as the intensity is increased,
extreme turbulence and circulatory flow patterns develop in the apertures,
causing the resistance to become a nonlinear function of sound pressure.
The resistance in this nonlinear regime cannot be predicted from the-
oretical considerations; therefore, designers must rely on experi-

mental data for use in their analyses.

As first suggested by Ingard (Reference 1), the data are usually
correlated in the form of an "end correction" factor, A7 which must

be added to the viscous resistance in the following manner:

1/2
0 = {BE2L) T (1 + t/a 4 4/0) (111-2)

Until recently, the generation of high intensity sound in a controlled
experiment was difficult; thus, only limited amounts of correction factor
data for arrays of resonators were available. In 1967, as part of the
final year of effort under Contract NAS8-11038, a conventional ASTM
impedance tube with a high intensity electropneumatic sound generator
was used to measure the resistance of three different resonator arrays
(0 = 3, 5, and 10%) over a frequency range of 400 to 2000 Hz. Correction
factors, computed from the data using equation (III-2), were correlated

with sound pressure, as shown in figure III-l.

I1I1-1
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Figure III-1. Nonlinear Resistance Data FD 19156

Although the ASTM impedance tube is a useful apparatus for measuring
absorption coefficients, it does have an inherent limitation, i.e.,
precise, high-frequency (above 2000 Hz) impedence data are difficult to
obtain, especially with sound levels above 140 db. In an attempt to
overcome this limitation, a pressure-phase impedance measuring device
was fabricated and a series of preliminary experiments were conducted
in which the absorption coefficients of several resonator arrays were
measured at frequencies from 1000 to 8000 Hz (Reference 2). Comparison
of results with absorption coefficients computed using the correction
factors of figure III-1 showed that the coefficients could be accurately
predicted up to a frequency slightly greater than that of resonance,
but, at higher frequencies, the measured absorption coefficients were
significantly lower than the computed values. (See figure III-2.)

From these results, it was concluded that the use of‘the correction factor
data in the acoustical regime characterized by high sound pressures and
high frequencies was not valid, and it was recommended that the analysis
of high-frequency impedance characteristics be continued as part of the

present program.

I11-2
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1.0 i
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N
0.2 \ Theory

\ ExperimeIE{ta\\
0 |

0 2 4 6 8 10
FREQUENCY - kHz

ABSORPTION COEFFICIENT - e

Figure III-2. High Frequency Data Comparison FD 31427A

A. EXPERIMENTS

To determine the relationship between the resonator configuration
and its acoustical characteristics, each of thek23'resonator assemblies
described in table III-1 was installed in the impedance apparatus described
in Appendix B and tested over a range of frequencies and sound pressure

levels, Over 300 data points were obtained, each consisting of a

measurement of the cavity sound pressure and the phase angle for a set
frequency and total sound pressure, i.e., the sound pressure in front of
the resonator face. The range of frequencies and sound pressures was
700 to 5800 Hz and 140 to 176 db, respectively. The data from a series
of experiments with one resonator at a constant sound level of 160 db
are illustrated in figure III-3 to show how the cavity phase angle and

sound pressure vary with frequency.

I1i-3
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Table III-1. Resonator Configurations Used in Impedance Experiments
Resonator Open Area Sample Cavity Aperture
Sample No. Ratio, % Thickness, Backing Depth, Diameter,
in. in. in.
1 1.50 0.10 0.50 0.047
2 3.00 0.10 0.50 0.056
3 3.95 0.09 0.50 0.052
4 5.40 0.10 0.50 0.052
5 5.65 0.09 0.50 0.047
6 6.90 0.10 0.50 0.052
7 8.00 0.10 | 0.50 0.056
8 8.85 0.10 0.50 0.047
9 10.80 0.10 0.50 0.052
10 13.00 0.10 0.50 0.052
11 5.40 0.05 0.50 0.052
12 5.40 0.15 0.50 0.052
13 5.40 0.20 0.50 0.052-
14 5.40 0.25 0.50 0.052
15 13,00 0.10 0.15 0.052
16 10.80 0.10 0.20 0.052
17 10.80 0.10 0.15 0.052
18 5.40 0.10 0.50 0.037
19 5.40 0.10 0.50 0.094
20 5.40 0.10 0.40 0.052
21 5.40 0.10 0.60 0.052
22 8.0 0.10 0.40 0.056
23 8.0 0.10 0.60 0.056
165 I
Total Sound Pressure
/ at Resonator Face
B
gg% ‘\\\ ’///”>RmmnMnr '
= Dimensions €3]
[ L=05in._____ |
gy 165 e N d = 05in. 1o 8
A § t =010in B
g . . 23
Qe =
Z o ~ / >\ a8
2 7 150 Cavity Sound 60
8 ' Pressure—/ \ £3]
2 N 2
/ .
145 — Phase Difference 10 ay
{ / N\
% 1 ) 3 1 5
FREQUENCY - KHz
Figure III-3, High Frequency Data for a FD 31349A

Particular Resonator Assembly
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B. ANALYSIS OF DATA

The equations derived in Appendix B were programmed for a digital
computer and were used to determine the components of impedance, absorp-
tion coefficients, incident sound pressures, and orifice velocities from
the pressure-phase data; results are included in Appendix D. The com-
putations were made for every data point, however, not all of the data
were used in the following analysis. An error analysis of this experi-
ment (see Appendix B) showed that significant errors can be introduced

at certain phase angles and, if the total resonator impedance fell below

0.5, therefore, such data were excluded.

1, Acoustic Resistance Data

Originally, ‘two approaches were to be taken in the analysis of the
acoustic resistance data: nonlinear correction terms were to be computed
and correlations similar to that of figure III-1 were to be attempted.
The other approach was to be based on observations published by Ingard
and Ising (Reference 3). A discussion of results from the latter ap-

proach is presented first.

In their work, Ingard and Ising used a hot-wire annemometer to measure
the oscillatory flow velocity, u, in a single orifice mounted at the end
of a tube. A piston driven at a frequency of 150 Hz was used to generate
sound pressures up to 162 db. Using their data, the researchers showed
that when the orifice velocity was greater than approximately 30 ft/sec,
the driving sound pressure was approximately equal to puz. In addition,
in the nonlinear regime, when the resistance was significantly greater

than the orifice reactance, they found that,
R ~ pu

and confirmed that the relation was frequency-independent, at least up
to a frequency at which the orificebreactance equals the resistance.
(Note, howewer, that even though the function R = pu is independent of
frequency per se, the resistance will vary with frequency because the
particle velocity for a particular resonator varies with frequency.)
Such a simple expression for the acoustic resistance would be extremely

useful for acoustic liner design purposes; therefore, attempts to

III-5
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develop a similar function from the high-frequency resonator data were

begun.

The resonator array with an open area ratio of 1.5% was most like the
single orifice used by Ingard and Ising that had a@of 0.5%; thus, the data
from that array were compared with their annemometer data. Also included
in the comparison were the earlier ASTM impedance tube data of Bies and
Wilson (Reference 4) and Ingard's data of 1953 (Reference 1). As shown

in figure III-4, excellent agreement among all of the data samples was

found.
3
N100.0
d\: @ Data of Bies and Wilson (1957)} ASTM Impedance
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Figure I1I-4. Comparison of Pressure-Phase FD 33034

Data With ASTM Impedance Tube
Data and Anemometer Data

Shown in figures III-5 and III-6 are the results of similar compari-
sons of the resistance data obtained from resonators with open area
ratios greater than 1.5%. The resistance for each particular facing sample
was found to be directly proportional to the orifice particle velocity, but
in every case the resistance fell lower than the line representing the func-
tion R =pu. In addition, significant sample-to-sample differences in the

data from each resonator were evident.
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As an aid in further investigation of the sample-~to-sample differences
in resistance, a coefficient of proportionality, K, defined as the ratio
of resistance to the product of particle velocity and density, i.e.,
K = R/pu, was computed for each data point. Correlation of the propor-
tionality coefficient with open area ratio and facing thickness was
attempted, as shown in figures III-7 and III-8, but no creditable functional

relationship between K and either geometric variable could be established.
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a. Spectrum Analyses

A possible cause of the variation in the resistance data was con-
sidered to be the harmonics of the fundamental frequency that might be
present in the impedance apparatus and resonator cavity. Even though all
harmonics are electronically filtered before the sound pressures were .
recorded, it was not known what effect superimposed harmonics might have
on the orifice velocity. If the effect were to increase the velocity
without changing the resistance, the value of K could be significantly
affected. To investiga;e this possibility, additional high-frequency
experiments were conducted. For the experiments, two of the sound
sources were connected to a separate oscillator and amplifier so that
sound waves at two different frequencies could be introduced. First,
spectrum analyses were made with the 5.4 and 8.0% open area ratio
samples installed in the impedance tube. As shown in figure III-9,
sound pressures with frequencies corresponding to the first four harmonics
were detected with both resonator assemblies. 1In neither case were pres-—
sures at frequencies lower than that of the fundamental found in the imped-

ance tube or resonator cavity.

The fundamental frequency was next introduced at a level of 135 db
using two drivers, and the resulting basepoint sound level was measured
at the first harmonic. Then through the use of two additional drivers,
the sound pressure at the first harmonic was increased in 5-db increments
until it exceeded the 135 db level at the fundamental by 15 db. The ratio

of the resistance at the fundamental frequency to the basepoint resistance

at the same frequency is shown in figure III-10 as a function of the
harmonic sound level. The results show that the resistance at the fund-
amental frequency is not affected until the sound level at the first
harmonic exceeds that at the fundamental by 10 db or more. The results
of the above spectrum analysis showed that the amplitude of all natural

harmonics were lower than that of the fundamental; therefore, the effect
of harmonics were eliminated as a possible cause of the sample-to-

sample differences in the resistance data.
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b. Flow Coefficient Effects

It has long been known that the acoustic impedance of resonators
operating in the nonlinear regime is strongly affected by the circulatory

flow patterns that develop in the vicinity of the orifice. 1In 1950,
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Ingard and Labate (Reference 5), using stroboscopic illumination of smoke
particles, investigated the acoustical streaming around resonator ori-
fices. Circulatory flow patterns were analyzed as a function of the
oscillatory particle velocity through the orifice and the various types
of circulation were classified into the four following regions:
Region 1. A low sound region with stationary circulation; the
flow is directed out from the orifice along the axis

Region 2. A region of stationary circulation in which the
direction of flow along the axis is toward the
orifice, i.e., the reverse of that in Region 1

Region 3. A medium sound intensity region where pulsatory
effects are superimposed on circulation of the kind
in Region 2

Region 4. A high sound intensity region in which pulsatory
effects are predominant, resulting in the formation
of jets and vortex rings: the jet consists of a
strong airflow through the orifice, signified by a
sudden burst of air; this burst appears symmetri-
cally on both sides of the orifice and is made up
of pulses contributed by each cycle of the sound
wave.

In all of the experiments reported herein, the sound levels were high
enough to cause the type of circulation patterns of Regions 3 and 4,
i.e., regions of extreme turbulence characterized by pulsatory jets.
Highly turbulent time-independent flow through orifices is known to be
significantly affected by slight (or even minute) changes in the orifice
edge shape, e.g., a square-edged orifice has a higher resistance to flow
than an orifice of identical diameter but with a slightly rounded leading

edge.

With time-independent flow, a measure of edge effects is obtained
through the use of a flow coefficient in the equations relating flow-

rate to pressure differential, (AP), i.e.,

(I11-3)

where Cf is a single flow coefficient consisting of the product of the

contraction coefficient and the discharge coefficient. This flow coef-

ficient was experimentally determined with time-independent flow* for

*Refer to Appendix C for a description of flow coefficient experiments.
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several resonator facing samples of identical open area ratio and aper-
ture diameter for which the acoustic resistance had been previously

measured.,

Correlation of the inverse of the flow coefficient with the acoustic
resistance coefficient, shown in figure III-11, revealed similar trends

in both sets of data and indicated that further analysis was warranted.
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Figure III~11. Comparison of Flow and Resistance FD 29161
Coefficients

Flow coefficients of the remaining facing samples were measured, and, in
an attempt to determine the functional relationship between the two

coefficients, the following flow-acoustic analogy was investigated.

The definition of the acoustic impedance of an orifice

Z =R+ iX == (I11-4)

(I11-5)
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For time-independent flow through an orifice, the analogous flow resist-

ance parameter is defined as

£ u (I111-6)

where Pl - P2 is the pressure differential and um is the mean

velocity in the orifice. The orifice equation for imcompressible

flow and neglible approach factor

u = Cf 2g (Pl - P2)/p (I11-7)

may be rewritten as

Pp- By Py (111-8)

n 28 (¢

Using equations (III-6) and (III-8), the following proportionality is
established.
pu

m
Reee = (I11-9)
(Cs)

The similarity in the acoustic and flow resistance parameters and the
known dependence of the flow resistance upon the flow coefficient, Cf,
suggests that if the flow coefficient is to be correlated with acoustic
resistance data, the most suitable functional relationship should be of

the form,
-2
R =R (p, u, Cf ) (I11-10)

Correlation of the resistance data with the flow coefficient using the
data from all facing samples was attempted. A mean value of the pro-
portionality coefficient, K, was determined from the resistance data of
each sample, and, in addition, two new proportionality coefficients

defined as

K = c (ITI-11)
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and R 5
K, = pu_ (Cf) (I11-12)

were computed. It is worthy of note that K2 is written in the same terms

as those of equation (III-10). The results are shown in figure III-12.
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Figure III-12., Effect of Facing Flow Coefficient FD 29171

on Acoustic Resistance

It is evident that the sample-to-sample differences in the Kl and K2

values are significantly less than the original K values; the differences

in K2 appear to be somewhat less than those of K , which is substanti-
ated by comparing the deviations in the K1 and K2 values, as follows
Average Average Maximum
Coefficient Value Deviation, % Deviation, %
Kl 0.50 13.4 34
K2 0.37 12.5 32

From the results, it is concluded that the most precise representation
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of the acoustic resistance data in the nonlinear regime is

_ -2
R = 0.37 puCg (111-13)

It is interesting to note that a sharp-edged orifice like that used by
Ingard and Ising (Reference 3) is known to have a flow coefficient of

approximately 0.61. If that value is used in equation (III-13)

_0.37
(0.61)2

R pu = 1.0 pu (I11-14)

further corroboration of the validity of equation (III-13) is obtained.

Equation (III-13) is only valid for use in the nonlinear regime, thus
the particle velocity at which the transition from the linear to the non-
linear regime occurs must be known. To define the velocity additional data
were taken using six resonator assemblies over a range of velocities
from 5 to 400 ft/sec. As shown in figure III-13 the data were correlated

2 as a function of particle velocity. From these results

in the form RCg
the particle velocity that separates the nonlinear regime from the

transition and linear regimes was arbitrarily chosen to be 60 ft/sec.
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Figure ITII-13. Correlation of Resistance Data FD 31421

In the Transition and Nonlinear
Acoustic Regimes
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c. Nonlinear Correction Factors

A second approach in the analysis of the resistance data involved
the nonlinear correction factors commonly used for design purposes. The

factors were computed from the data using equation (III-2), i.e.,

agla = —88To 1o ey (111-15)

(8upw)

where §is the experimental specific acoustic resistance. Results are
shown in figure III-14; also shown are lines representing correction
factors from the ASTM impedance tube experiments (Reference 2) and the
original correlations of Ingard (Reference 1) and Blackman (Reference 6).
Agreement between the impedance tube correction factors and those from
the pressure phase experiments is as good as can be expected in view of
the amount of scatter in the new data. The scatter can be attributed to
both aperture edge effects and to the extremely wide range of geometric
variables and conditions over which the experiments were conducted. No
attempts to improve the correlation between the new factors and SPL were
made due to the fact that a simple relation between incident SPL and
Anf/d is only valid for f<f, because the correct proportionality
between resistance and particle velocity at frequencies greater than
resonance is not expressed by the equation from which the correction

factor is "defined" (equation III-2).

For example, assume equation (III-2) and the Anﬂ/d function of Refer-
ence Z’Anf/d =1.6 Pi’ where Pi is the incident sound pressure in
1b/ft", are used to compute the resistance for a resonator operating
with constant incident pressure but variable frequency. At frequencies
up to and including that of resonance, # will be correct within the
limits of experimental error. At resonance, the particle velocity is a
maximum; thus, the velocity will be less at all other frequencies. Because
Racu, the resistance at all other frequencies must also be less than the
value at resonance. The dependence of resistance upon frequency in
equation (III-2) is

Bect 1/2
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which correctly accounts for the decrease in resistance with particle
velocity below resonance, but which produces an increasing error as fre-
quency is increased above resonance. The situation can be corrected by
rewriting equation (III-2) so that the correct functional relationship
between resistance and all frequencies is established. To do so, however,
only leads to an unnecessary complication, because the true variable

affecting resistance is velocity not frequency.
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Figure III-14, Comparison of Nonlinear Correc- FD 29175
tion Factors From High Frequency
Experiments With Results From
Impedance Tube Experiments

Expressing the correction factor as a function of particle velocity
has been attempted by Ingard (Reference 1), Blackman (Reference 6),
Sirignano (Reference 7), and others; however, Ingard's and Blackman's

corroboration with resonator array experiments has been rather poor.
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The theory of Sirignano is unique in that he has corrected the
defined Anf to account not only for the incorrect frequency relation but
also for the density and viscosity so that the proper functional relation
for resistance in the nonlinear regime is obtained. This may be shown

by the following.

Sirignano's theory states

e. 4 2P
T 3w YwMd (II1-16)

where

€= (8, p/d) +1 (II11-17)
If equation (III-2) is written in the following form

R = 6pcO = (s“pw)l/z 1+ t/d+ An[/d) (I11-18)
and equation (III-16) is substituted, then

1/2
R= (Bupw) /% (e/d + € (I11-19)

In the nonlinear regime € >> t/d is a reasonable assumption; hence, it
can be neglected in the above equation. Replacing ¢ by equation (III-16)
and simplifying produces

4 Pu
R= 374 = 0.43pu (IT1-20)

which shows that even though Sirignano's defined nonlinear correction
term, equation (III-16), is a function of both frequency and viscosity,
when the term is used with equation (III-19) to compute the acoustic
resistance the two variables cancel so that the resulting expression,
equation (III-20), is correctly independent of both. However, comparison
of equation (III-20) with equation (III-13) suggests that the Sirignano
theory will not account for aperture edge effects and if the theory is
modified by the flow coefficient to account for these effects in the

following manner:

-2 (III-21)
€ =
C €Ce

then the values of €. will be, on the average, approximately 167 higher

than experimental data.
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To check the hypothesis, a comparison of the correction factor data
with equation (III-16) was made. The results are shown in figure III-15
as the ratio of € /CE where GE is the value of Q&nf/d + 1) computed from
the resistance data (again using equation (III-15) and € is computed
using equation (III-16)., As expected the resulting sample-to-sample dif-
ferences appear similar to those found to be caused by aperture edge

effects. (See figures III-7 and III-8.)
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Figure III-15, Comparisons of Experimental Non- FD 31420
linear Resistance Correction
Factors With Theory of
Sirignano

To correct for the edge effects the theoretical values of € were

f
shown in figure III-15, as a ratio of écfeE where € is the corrected

multiplied by the value of C for each facing sample; results are also

value,
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A decrease in sample-to-sample differences is observed, and a line
representing a 16% difference between theory and experiment in fig-
ure III-15 may be noted to pass through most of the data. The variation
with O should not be mistaken as a possible result of variations in the
thickness-to-diameter ratio; this ratio was essentially constant (= 2)

for all but the shaded bar.
2. Acoustic Reactance Data

From the analysis of the nonlinear regime reactance data, it was
found that the present theory is in good agreement with experiment;
however, improvement was obtained by using a new simple expression for
the effective aperture length. No aperture edge effects in the react-
ance data were noted and no improvement in the theory through the use of
the flow coefficient could be obtained. A summary of this work, including

the most significant results, are described in the following paragraphs.

To show a comparison of the reactance data with theory, the results
from experiments with apertures of various thickness were used. The

theoretical reactance was determined from the equation

ar Less -
c o 2

Fhl—

X = (111-22)

ol L

where the term containing [; is the inertance, and the term containing

ff
L is the capacitance. The effective aperture length was determined from

the equation

leff =t+0.85d (L - 0.7Jg). (I11-23)

The experimental values of inertance, reactance, and effective length

were determined using the pressure-phase data, as shown in Appendix B.

Only a comparison of the inertance data (figure III-16) need be made
because the capacitance is an exact term. The agreement at high fre-
quencies is of the same degree as at the low frequencies. Apparently,
there is no need to improve the method of predicting inertance at high
frequencies; however, the theory could be improved for better agreement at
all frequencies by improving the expression for effective length. Addi-

tional analysis of the data with this objective was attempted.
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Figure III-16., Comparison of Inertance Data FD 29173A
With Present Theory

Analysis of a large sample of effective length data led to the con-

clusion that the best representation for the effective length is simply

[e=t+d (I1I-24)

where t is the resonator facing thickness and d is the aperture diameter.
The error in the use of the equation is demonstrated in figure III-17.
It is worthy to note that except for the data from one particular facing,
the maximum error is less than + 20%. The use of equation (ITI-24) to

predict the frequency of resonance

(I11-25)

will result in a much smaller error in f, because [;ff appears to the

-1/2 power. The improvement in agreement between inertance data and

theory using equation (III-24) may be noted by comparing figure III-16
with figure III-18.
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SECTION IV
TASK II - CHAMBER SIMULATOR FABRICATION
The objective of the work performed under Task II was the fabrica-
tion and preliminary checkout of a cylindrical acoustic device that
could be used to provide impedance data for an absorbing liner in a simu-
lated rocket chamber. This type of experiment was necessary for the

reason discussed below.

The theory used in the design of absorbing liners utilizes empirical
correlations developed from impedance data obtained with ASTM-type imped-
ance tubes. Impedance apparatus of this type use flatplate liner samples
rigidly mounted at the end of a tube in which the only organized acoustic
modes are longitudinal. In these types of tests both the incident,
refracted and reflected waves must be normal to the liner surface; there-
fore, results obtained applied only to one-dimensional, normal reacting

surfaces.

For such surfaces, the refracted pressure wave travels nearly normal
to the surface, irrespective of the particular angle of incidence; hence,
it is reasonable to assume that the ratio of acoustic pressure acting upon
the surface to the fluid velocity normal to the surface will also be in-
dependent of the direction of the incident wave. Then the impedance of
the surface, which by definition is the above ratio, can be expressed

simply as the normal specific acoustic impedance.

Uncertainty in the formulation of the absorbing liner theory is
introduced by the assumption that a cylindrical surface has the same
acoustic characteristics as a one-dimensional normally reacting surface.
To eliminate this uncertainty it was necessary to determine the acoustic
characteristics of a cylindrical liner having obliquely incident sound

waves and to determine if such a liner is a normally reacting surface.

A. APPARATUS

No design criteria have been set forth for the design of tangential
and radial acoustic chambers; therefore, a static (i.e., without flow
capabilities) tangential acoustic chamber was fabricated so that tests
could be conducted to provide design information for the chamber simulator.
(See figure IV-1.) This information would include the number of acoustic

drivers necessary for nonlinear operation, the response characteristics
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of the chamber, and an efficiency evaluation of the coupling device

between the drivers and the chamber.

Sound Source

Absorbing Liner
Test Section

[ Microphones

Plexiglas Plate

Microphone Mount
Sound Source

FE 7913

Figure IV-1, Static Tangential Chamber FD 25290

The cylindrical test chamber had a 5-in. internal diameter with an
axial length of 1 in. The ends of the chamber were made of 1/2-in.
Plexiglas plates to enable visual observation of pressure distributions
when styrofoam pellets were placed in the test chamber. The top Plexi-
glas plate contained instrumentation ports for microphones and the plate
was capable of being rotated so that any point in the chamber could be
observed. Two Atlas Sound Driver Units, Model PD-60T, were used as sound
sources; both were tangentially mounted on the test chamber. The liner
test section occupied approximately 87 of the total surface area on the
outer diameter chamber wall, and was located 45 deg from one of the sound
inlets. Two Briel & Kjaer, Model 4138, 1/8-in. condenser microphones were
used in the absorbing liner test section. One microphone measured pres-
sure oscillations in the chamber in front of the test section and the
second, pressure oscillations in the resonator cavity. The outputs of
both microphones were supplied to the pressure-phase impedance measuring

apparatus described in Appendix B.
B. PRELIMINARY EXPERIMENTS

Preliminary response tests of the static tangential chamber showed

that the first three tangential modes and the first two radial modes
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could be excited. The first tangential mode corresponded to a frequency
of 1572 Hz with a maximum amplitude of 165 db, well above the linear
acoustic regime. The response characteristics of the chamber were good;
i.e., no distortion of the standing wave pattern was observed on an
oscilloscope used to monitor the owtput of a microphone, mounted through
the Plexiglas endplate 1/2 in. from the outer chamber wall, as the plate

and microphone were rotated 360 deg around the chamber.

The chamber simulator was modified to determine if transverse modes
could be excited by locating the sound source near the outer edge of the
endplate. (See figure IV-2,) The first five tangential modes were
excited with maximum sound levels of 170, 172, 166, 161, and 160 db, re-
spectively. Radial modes could not be detected within the chamber. The
coupling device between the speakers and the chamber appeared to be better
for this configuration because higher sound levels were reached with one
sound source as compared to the first configuration which required two
sound sources to reach an even lower level at the tangential modes.
Another advantage of the second configuration is that the entire tangen-
tial standing wave could be rotated in the chamber by rotating the end-
plate in which the sound source is mounted. This enables the test sec-
tion to be positioned at any point within the tangential wave, a distinct
advantage over the first configuration which maintained a fixed relation-

ship between one point on the standing wave and the test section.
Sound Source

Rotatable End Plate

Absorbing Liner
Test Section

Microphone

End Plate —/

3

Figure IV-2, Modified Chamber Simulator FD 31419
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A third configuration was tested in which the sound source was
located in the center of the Plexiglas endplate. It was found that with
this configuration radial modes could be easily generated but no tangen-

tial modes could be detected.

It was decided to use the first configuration for additional investi-
gation of transverse modes because either tangential or radial standing
waves could be generated within the test chamber. Additional studies
were made to better understand the characteristics of the first tangen-
tial mode because it is primarily the type of instability encountered
in rocket chambers and also because it is believed to be the source of

obliquely incident waves.

An experiment was conducted in which a 1/4-in. Bruel & Kjaer condenser
microphone was mounted flush with internal side of a Plexiglas endplate
at a radius of 2.25 in. The plate was rotated in steps of 10 deg until
the microphone made one full revolution around the chamber; at each
step the rms sound pressure was recorded., Figure IV-3 shows that, as
expected, the standing first tangential wave follows a sinusoidal pattern
represented by P = A sin { where A is the peak amplitude at 90 and 270 deg

which corresponded to the center of the two sound source discharge ports.

1.0 l ]
O~O Experimental Data G
08 7N ENY;
- /@ %P = A Sin¢ ,
2]
8, :
i \\V \
ot
7
n 04 .
<2
a: /;/ x / X
A
Q2J?, \ijy :
0 °..
0 60 120 180 240 300 360
POSITION ON CHAMBER WALL,{ - deg
Figure IV-3., First Tangential Pressure Profile FD 31379A
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The results of this testing can be used to determine the location and
minimum number of pressure transducers necessary to measure the peak
amplitude in a thrust chamber with a standing first tangential mode of
instability. If only one transducer were used and if it were located
so that a nodal point of the first tangential mode occurred at the same
point, the instability would not be detected. To determine the minimum
number of transducers and the locations that are needed to detect the
maximum amplitude of the first tangential mode of instability, two pres-
sure transducers located 90 deg apart can be used to provide data to

calculate the peak pressure amplitude. The proof is as follows.

The equations PX = A sin { and PY = A sin (§ + 90 deg) = cos ({)repre-

sent the two measured pressures at any position on the circumference of

the chamber wall where PX and PY are 90 deg apart and A is the peak

amplitude. Squaring both equations and adding gives

2
P 2 + P 2 = A2 (sin” & + cos2 £) = A2
X Y
Solving for A gives
2 2
A= PX + PY (1v-1)

Therefore, the peak amplitude of the first transverse mode is easily
determined by measuring the pressure at two points in the same cross
section, 90 deg apart on the chamber walls. The results of this experi-
ment can also be used to show that if the acoustical characteristics of
an absorbing liner are to be measured, the minimum number of transducer
pairs (one in the chamber wall and one in the liner cavity) is equal to

one plus the mode number of the expected tangential instability.

To determine relationship between obliquely incident sound waves and
the acoustic characteristics of a resonator configuration, each of the 5
resonator assemblies described in table IV-1 were installed in the absorb-
ing liner test section (see figure IV-1) of the chamber simulator., The
facing sample for each resonator had a curved surface with the same radius
as the outer wall of the chamber. (See figure IV-4.) The backing cavity
was formed by using Teflon spacer plates that conformed to the contour
of the sample when the curved backing wall was secured to the assembly.

(See figure IV-5.) 1In figure IV-5 the back of the liner sample and the
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cavity space with the condenser

Plewioclas hackino
caX1lglas lacxin g

purposes).

wall w

. .
in thie
il L4aigS assello

accembhlv f
+-y +

microphones installed can be seen (a

Table IV-1. Resonator Configurations Used in Chamber
Simulator Impedance Experiments
Resonator Open Area Sample Cavity Aperture Flow
Sample Ratio, Thickness, Backing Depth, Diameter, Coefficient
No. YA in. in. in,
1 1.4 0.10 0.3 0.052 0.83
2 e 2 0.10 0%.5 0.052 0.78
3 4,7 0.10 0.6 0.052 0.83
4 7.0 0.10 0.5 0.052 0.78
5 9.4 0.10 0.6 0.052 0.78
Sound Source:-
Microphone
Kiesonbonos Sensing Element
Liner Face Plate
Sound Source
Discharge Port
FE 79728
Figure IV-4. Instrumented Chamber Simulator FD 31996
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FE 79727

Figure IV-5. Illustration of Resonator Cavity FD 31423
And Instrumentation

Data for determining acoustic properties of each resonator configura-
tion was obtained at a frequency of 1572 Hz, which corresponded to the
first tangential mode of the chamber, over a range of sound pressures
from 135 to 165 db. The data obtained consisted of the measurement of
the sound pressures in the chamber at the face of the liner sample and
in the resonator cavity, and the phase angle between these two pressure

waves.

C. ANALYSIS OF DATA

To determine the acoustic characteristics of each resonator assembly
the equations derived in Appendix B were used to determine the components
of impedance, absorption coefficient, and orifice particle velocities

from the pressure-phase data.
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1. Acoustic Resistance Data

The results of the high frequency experiments (see Section III) were
used to develop an empirical correlation relating acoustic resistance
with orifice particle velocity. The data used in that analysis was ob-
tained from one-dimensional normally reacting surfaces with normal incident
sound waves. To determine if a cylindrical surface with obliquely inci-
dent sound waves is characterized by the same relationship a similar analy-

sis was performed with data obtained from the chamber simulator.

In the analysis of the simulator data the open area ratio (0) of the

sample resonators was defined as

G- (1V-2)

where A2 is the total area of the apertures, and L and V. are the length
and volume, respectively, of the backing cavity. This equation must be
used in place of the usual definition of @ because the cavity is wedge
shaped causing the cross-sectional area to vary across the entire length
of the cavity. (In the longitudinal test apparatus the cross-sectional

area of the cavity (Ac) is constant , thus the volume can be defined as

v, = AL (1Iv-3)

which when used in equation (IV-2) gives
A2
o= A_c (1V-4)

the usual definition of @.) Equation(IV-3)does not apply to the volume
of the resonator cavity in the cylindrical chamber, thus, equation (IV-2)

must be used to calculate the open area ratio,

Correlation of the acoustic resistance (R) data with the flow coefficient
(Cf) was made using the function obtained from the high frequency analysis,
i.e.,

K, Pu
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Equation (IV-5) was used to calculate the values of K2 for all data taken

in the tangential tests where the particle velocities were in the non-

linear regime, i.e., greater than 60 ft/sec. A comparison of the results
with those of the high frequency analysis are shown in figure IV-6, It

is worthy of note that the same average value of K2, 0.37, was obtained

for both flat and cylindrical surfaces. It is therefore concluded that

the nonlinear acoustic resistance for both cases can be represented by

the expression

R = 0.370u(C,) (1V-6)
1.0 I I | ]
Legend:
0.8 ¢ = Normal Incidence
* - Oblique Incidence ]
N
-
2 o6 |
g
Il S
N 04—y ————f———
Ir ﬁ, K 02
0.2 |
Bars Indicate Range of Data
09 ) 1 6 8 10 12 14
OPEN AREA RATIO-%
Figure IV-6. Comparison of Resistance FD 31418

Coefficient for Normal and
Tangential Incidence

2. Acoustic Reactance Data

Comparison of the effective aperture length data from the static
simulator experiments with the theory derived from the high-frequency
experiments were made. Results are shown in figure IV-7 where the
effective length data from the latter experiments have been included.

With the exception of the data from one resonator sample (O = 3.2%) the
scatter in the data is seen to fall within the range of the high-frequency

data. It is not known why the data from the single sample fall lower than
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those of the other samples; however, it is evident that there are no
essential differences in the effective length from either the cylindrical

or flat facing samples.

+40 | '

% in. | in.

1.50 | 0.10 | 0.047
3.00 | 0.10 | 0.056
3.95 | 0.09]0.052
540 | 0.05 | 0.052
540 [ 0.10 | 0.052
540 | 0.15 | 0.052
5.40 | 0.20 | 0.052
5.40 [ 0.25 { 0.052
540 | 0.10 | 0.052
540 1 0.10 | 0.037
565 | 0.09 | 0.094
6.95 | 0.10 |0.052
800 | 0.10 |0.056

M-t
[TH

Legend: 8.85 | 0.10 | 0.047

leffT= Experimental Value 13.0 | 0.10 §0.052
E_ ’ —_ 140 |{ 0.10 | 0.052 H

© = Normal Incidence 3.20 | 0.10 | 0.052

@ = Oblique Incidence 4.70 | 0.10 ] 0.052

_ 7.00 | 010 | 0,052
I, Range of Scatter 9.40 | 010 | 0.052

0 1 2 3 4 5 6 7 8
RATIO OF FACING THICKNESS TO
APERTURE DIAMETER, t/d

(Y 1 & X Xob FolXuloXRullEd o ololn 0L

Figure IV-7. Comparison of Effective Length FD 31417
Data With Theory

D, CONCLUSIONS AND RECOMMENDATIONS

Results of the chamber simulator experiments show that both one-
dimensional and cylindrical liner surfaces are characterized by an
identical relationship between the acoustic resistance and particle
velocity. In the relationship developed with flat samples the particle
velocity was normal to the liner surface, therefore it is only reason-
able that the particle velocity is also normal to the surface of a cylin-
drical liner. Since the ratio of the driving pressure to the particle
velocity normal to a surface is defined as the normal specific acoustic
impedance then a cylindrical liner with a partitioned cavity having
oblique incident sound waves has the same acoustic characteristics as a

normally reacting surface,

From the results of the chamber simulator experiments it is concluded
that either cylindrical or longitudinal impedance tubes can be used to pro-

vide data for the development of empirical correlations to be used in the
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design of partitioned absorbing liners for rocket chambers. Absorbing
liners used in rocket chambers are often unpartitioned and designed to
give maximum absorption at frequencies near that of the first tangential
mode. As shown in the preliminary experiments the first tangential mode
forms a pressure profile around the chamber wall in the form of a sine
wave with resulting severe pressure gradients around the liner facing.
In equations used to determine the absorption coefficient of the liner,
the impedance of the common backing cavity is based on a theory that
assumes a uniform pressure distribution across the liner backing cavity.
Analytical attempts have not been successful in developing an expression
to describe the pressure distribution and impedance of an unpartitioned

cavity with a pressure gradient across the liner sur face.

It is recommended that additional research be conducted in an attempt
to improve the absorbing liner design theory for unpartitioned liners.
Until the theory can be improved it will be necessary to assume that the
impedance of an unpartitioned cavity having a pressure gradient across
it has the same acoustic characteristics as one which has a uniform

pressure distribution.

v-11



Pratt & Whitney Rircraft
PWA FR-3299

TASK III - S {PERIMEN

Absorbing liners used in rocket engines always have gases flowing past,
and, under some circumstances, a simultaneous flow of gases will occur in
which the gases‘flow through, as well as past, the liner apertures. Previous
experiments relating the effects of flow have shown wide differences in
results. This is seen in the case of a recent publication by Ingard and
Ising (Reference 3) in which the effects on the acoustic resistance due to
flow through (no flow past) a single orifice were determined with the use
of a hot-wire annemometer. A significant difference was found to exist
between these results and those previously determined (Reference 2) by

use of an ASTM-type impedance tube in which an array of orifices was tested.

In the past, the effects on resistance of flow past the apertures of
flat facing samples could only be measured using modified ASTM-type impedance
tubes., With such an apparatus a complete resonator assembly could not be
used since a flow duct had to be installed in place of the resonator cavity.
Hence, the effects on the absorption coefficient and reactance components
could not be measured directly., The use of the pressure-phase impedance
measuring technique imposes no such limitations and, in addition, permits
the use of cylindrical test assemblies. It was originally planned to use
a cylindrical test chamber for the flow experiments. Tests made with the
static (no flow) chamber simulator (see Section IV) showed that a liner
with a cylindrical surface and partitioned cavity is a normally reacting
surface in which the effects of incidence angle are negligible. Therefore,
the real and imaginary parts of impedance can be measured in either a
cylindrical or longitudinal impedance apparatus so long as a uniform
pressure distribution is maintained across the liner surface., Thus, for

simplicity longitudinal impedance tubes were used in the flow experiments.

The objective of the flow experiments under Task III is to obtain,
using the pressure-phase technique, impedance data and absorption coef-
ficients with flow through (no flow past) the apertures and flow past
(no flow through) the apertures of absorbing limer assemblies. Where
possible, comparisons of the data with the existing empirical flow

correlations were to be made to verify and/or improve the existing theory.



Pratt & Whitney Rircraft
PWA FR-3299

A. TFLOW-THROUGH EXPERIMENTS

The static (no flow) high frequency impedance apparatus described in
Appendix B was modified for the flow-through (no flow-past) tests. (See
figure V-1,) In the experiment two samples having open area ratios of
3.94 and 10.8%, thickness of 0.10 in., aperture diameter of 0.052 in.,
and backing cavity depth of 0.5 in. were used. In order to determine the
effects of net flow on the acoustic resistance each resonator assembly
was tested at a constant frequency near resonance (resistance greater than
reactance) and the average flow-through velocity was varied from near zero
to 325 ft/sec. The same tests were made at two different sound pressure
levels of 145 and 160 db., To determine the effects of flow through the
apertures on the absorption coefficient, each resonator assembly was
tested at a constant sound level of 160 db over a range of frequencies
from 500 to 4000 Hz while the flow-through velocities were held constant
at 136, 237, and 302 ft/sec.

Nitrogen

Supply (Metered) —\‘

Kistler Pressure

d Transducer
\ ~a Cavity
Apertures \ N
pe \\ \ Sample
Microphone
Impedance
Tube

Figure V-1, Sketch of Test Section - Impedance FD 29176A
Measuring Device Used With Flow
Through Apertures
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Results of the tests made at constant frequencies are shown in
figure V-2, in which the ratio of the acoustic resistance with flow to
that with no flow has been correlated with the average flow-through velocity
and compared with previous data obtained with the ASTM-type impedance
apparatus. The exact causes of the differences between the ASTM data
and the pressure-phase data are not known; however, they are believed
to be caused by several differences in the test procedures which are
explained as follows. In the probe tube type experiments, the sample
did not have a backing cavity, thus allowing the incident sound wave
to pass through the apertures and out the flow duct instead of inter-
acting in the cavity and reradiating back into the impedance tube as
in the pressure-phase experiments. In the ASTM-type experiments, a
probe tube was used to investigate the standing wave which is established
in the gaseous media having a net flow towards the sample., It is known
that this net flow can distort the standing wave pattern thus producing
error of unknown magnitude in the data results. Also, based on previous
experience with the probe tube investigations of the standing wave pattern,
it has been found that precise impedance data for such an experiment are
difficult to obtain, It does appear that the pressure-phase data is more
accurate, especially because, as shown by results of the high frequency
analysis in Section III,they are in good agreement with the hot-wire

experiments of Ingard and Ising (Reference 3).

20
oe | uf | ‘
B o = 395% o = 10.8%
& d = 0.05 in. d = 005 in. /
~ t = 0.10 in. t = 0.10 in.
< 16~ L=050in L = 050 in.
S ©-0 SPL = 145.db /
— @®-m SPL=160db
ST % /
[t Results of ASTM / )/O
[} Impedaqce Tube
Q Experiments T
< p/o’o
e .
[ J
@ 4 P B S "
o Zm = a
0
0 100 200 300 400

FLOW VELOCITY THROUGH APERTURES- Vr ft/sec

Figure V-2. Comparison of Data from the ASTM FD 31050 A

and the Pressure-Phase Experiments
for Flow-Through Tests
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Investigations of the flow-through data was based upon the results
of the high frequency analysis, as explained in Section III,i.e., the
resistance is given by the empirical correlation

_ 0.370u

R =——— (v-1)

Ce

and also upon the results of Ingard and Ising (Ref. 3), which suggests that
for cases where the steady-flow through velocity (VT) is greater than the

particle velocity with no net flow then the resistance is given by
R = ApVT (V-2)

In equation (V-2) A\ is a proportionality constant that Ingard and Ising

found to have values between 1 and 1.5.

Combining equation (V-1) and (V-2) shows that the resistance can best

be represented by the equation

)\(0.37)pVT
R = 5 (V=3)

Ce

By letting T = 0.37\ equation (V-3) becomes

R = V-4)

where T is an empirical constant that must be experimentally determined.
Using equation (V-4) in analyzing the data to determine the value of T,
two cases were considered. One in which the steady flow-through velocity
was the average velocity (VT) and not corrected for the flow coefficient
RCf2
Tl =W
T
and a second one in which the steady flow velocity was corrected for the
flow coefficient, i.e., the average velocity is divided by the flow
coefficient giving

3
RCf

2 PVT

T
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The results are shown in figure V-3 in which the constants (7 and 73)
have been correlated with the ratio of the steady flow-through velocity

to the peak velocity (uNF) amplitude with zero net flow. The results show
that when the net flow velocity is greater than the one-half of the peak
acoustic velocity with no net flow, a good approximation for both Tl and
Ty would be unity. In figure V-3, the correlation using T is noted to

be better than T1, i.e., less scatter; therefore, it is concluded that

the effects of flow-through can best be represented by the following:

oV

T
R = : 3 where VT > 0.5 Uy (v-5)

f

where Vp is the average flow velocity and the term Cf3 is used to account

for the aperture edge effects on both the acoustic peak velocity and the

net flow velocity.

g }?;(5) gg i o =395 % V1 - Flow-Through Velocity
A 145 db _ ung - Orifice Velocity at Vo = 0
OlsOdb§0—10.8% NF y at Vr

AT ~

s RROeoU
7S
0
0 1.0 2.0 3.0 4.0 5.0
\ﬁVllNF
Figure V-3, Correlation of Data for Constant FD 31265

Frequency Experiments with the Ratio
of the Net Flow-Through Velocity to
the Peak Orifice Velocity for No

Net Flow
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The dimensionless resistance is defined as

R

= V-6
6 gPc (V-6)
therefore, equation (V-5) may be written in the form
v M
T _ T V-7)
§ = 3 " 3 where MT > 0.5 MNF
Cf gc Cf g

In equation (V=~7) MT is the Mach No. of the net flow through the apertures,

Equation (V-5) is seen to be independent of frequency. This means
that for a given net flow velocity greater than 0.5uyp, the resistance
of an acoustic liner is independent of frequency; confirmation follows.
The results of the constant flow-through experiments with variable
frequencies are shown in figure V-4 where the absorption coefficient
is correlated with frequency as a function of net flow velocity. In the

two cases for net velocities greater than 0,5 u i.e., net velocities

NF’
of 237 and 302 ft/sec, almost no resonance effects are observed in the

absorption curves.

Referring to equation (B-10) in Appendix B, it is clear that if the
absorption coefficient is constant over a range of frequencies and if the
resistance is much greater than the reactance, as was the case for frequencies
greater than 1500 Hz, then the resistance must remain a constant value over
the same range of frequencies. Thus the results of the variable frequency

tests further substantiate the empirical correlation given in equation (V-5).

1.0 V= Flow Through Velocity (ft/sec)
o = 3.95%
8 L = 050in
- . t = 0.10
E 0.8 d =005
S| Vr= 0%
o
é 06 /"“\ —Vr= 136
= ) TN
= Vo= 237
S L
E /
“— V= 302
& 0.2 y/
:
0
0 1 2 3 4

FREQUENCY - kHz
Figure V-4, Summary of Experiments Showing the FD 29165

Effects of Flow-Through the Apertures
on the Absorption Coefficient
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It was observed that the effective length decreases with an increase
in the net flow-through velocity, however as shown in figure V-5 this
was only true for a sound pressure level of 145 db. For a sound pressure

level of 160 db which is of more interest for acoustic liner design

purposes, the effects of flow through the apertures on effective length,

and therefore acoustic reactance, were found to be negligible.

20 X ) Om Legend: |
O = 395% O =10.8% Aetr. = Effective Length
d = 0.05 in. d =0.05 in. v With Flow
t = 0.10 in. t = 050 in. A e, = Effective Length
15 1 =050 inT— L=050in.— T With No Flow

O 8 SPL = 160 db
OO0 SPL = 145 db

EFFECTIVE LENGTH RATIO, Lefry / Lett 5 p

Ly g geys Tty
o o e
o olo S
© o0 0o % 8 8
0.5
0
0 100 200 300 400
FLOW-THROUGH VELOCITY, V (ft/sec)
Figure V-5. Effects of Flow Through Apertures FD 31412A

on Effective Length

B. FLOW-PAST EXPERIMENTS

The cold flow apparatus shown in figure V-6 was fabricated for the
flow-past experiments. The apparatus, theoretically capable of producing
sound pressure levels in excess of 170 db at frequencies of 100 to 2000 Hz

for flows up to 400 fps consists of:

1. A Ling 94-B electropneumatic transducer

2. An expansion horn

3. A 2-in. dia standing wave tube

4., A circular absorbing liner test section

5. Two Atlantic Research pressure transducers
6. A tube extension

7. A reflection plate.
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Ling EPT-94B
Electropneumatic Tube Extension

sducer .
Tran Atlantic Research
Pressure Transducers

Absorbing Liner
Test Section

Adjustable |

Pitot Tube —[Resonator

. ! Cavity
Primary GN, Expansion Horn | Adjustable
Inlet ' Reflection Plate
C -]
Figure V-6. Flow-Past Apparatus FD 31411

Briefly, the operation of the apparatus is as follows: sound waves,
along with a metered supply of gaseous nitrogen, enter the tube through
the Ling transducer. The nitrogen gas flows through the tube section
parallel to the perforated face of the test section and exits through
a gap between the reflection plate and the end of the tube extension.

A pitot tube is located just upstream of the test section in order to
determine the velocity profile approaching the liner sample. The sound
waves moving down the tube are reflected at the end plate and a standing
wave is produced. The absorption characteristics of the test section are
then determined as explained in Appendix B by measuring the sound pressures

and phase angles with the pressure transducers.

Iwo cylindrical samples were tested, one with an open area ratio of
0.027 and an aperture diameter of 0.099 in.; and one with an open area
ratio of 0.021 and an aperture diameter of 0,050 in. Each sample was 0.030-in.
thick and had a backing cavity of 0.51 in. The tests were conducted at
a constant frequency near resonance to determine the effects of flow
on the acoustic resistance of each resonator configuration. The tests
were originally planned to be conducted using a full 360-deg test section
with a full annular backing cavity; however, severe distortion of the
pressure wave was found to exist in the cavity. In order to reduce this

effect, the cavity was partitioned and some of the apertures sealed off
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so that acoustical data were measured only in a 45-deg test section. A
tube extension, two tube diameters long, was also added to reduce the dis-

tortion effects caused by the flow being exhausted into the atmosphere.

The range of flow velocities tested was significantly restricted
because of the minimum and maximum operating pressure range allowable
with the Ling electropneumatic transducer. Flow=-past velocities lower
than 80 ft/sec could not be achieved unless gaseous nitrogen was allowed
to bleed off upstream of the sample; however, this caused severe changes
in the standing wave pattern produced in the tube and the resulting
acoustic data could not be reproduced on successive tests. The'upper
velocity range was limited to approximately 300 ft/sec by the flowrate

that could be obtained at the maximum transducer inlet pressure.

1. Acoustical Resistance Data

The results of the tests are shown in figures V-7 and V-8, in which
the ratio of the acoustic resistance with flow to that with no flow has

been correlated with the average flow-past velocity and with the average

Mach number.

6
I
0-150 db A —-150 db
; 5 ®-160 db A —160 db
g - o = 0.027 o= 0.021
t = 03Gin. t = 0.30 in.
4 L =051 in. L = 051 in.
d = 0.099in. 4 = 0.051 in.
/

3 {
/ ASTM Data
a T/.
1 é%e (1 + 0.00167 Vp)

RESISTANCE RATIO,
[\V]

0
0 100 200 300 400 500
FLOW-PAST VELOCITY, Vp - ft/sec
Figure V-7. Correlation of Acoustic Resistance FD 31187A

Data with Velocity of the Flow Past
the Apertures
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I~ 1.0
0
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Figure V-8, Correlation of Acoustic Resistance FD 31407A

Data with Mach Number of Flow Past
the Apertures

The following empirical equations were developed relating the change

in acoustic resistance with the average flow past:

by Oyr (1 + 0.00167 Vp) (v-8)

FV = 6xF 1+ 1.9 Mp) v-9)

Figures V-7 and V-8 contain previous data obtained with the ASTM-type
impedance apparatus for the purposes of comparison., The data clearly shows
that the average flow past the sample has a much smaller effect on the

resistance than has been previously determined with the ASTM impedance

apparatus.
2. Acoustical Reactance Data

It has been shown in the past that the acoustic reactance for no flow

can be determined by the equation:

oo o2m Legs o
NF c 0 2wLE

(V-10)

The term containing [eff is the inertance, and the term containing

L is the capacitance. To determine a correlation of reactance to velocity
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past only the inertance data need be used since the capacitance is an
exact term. Furthermore, only the effective aperture length need be
correlated with the flow-past, because it is the only part of the
inertance that is not exact. The results of this comparison are shown
in figure V-9, An empirical equation relating the effective aperture

length with flow velocity was found to be as follows:

<£eff>v = [effNF(l - 0.00143 Vp) (V-11)

where

[}

t +d

o/ ff)
v et NF

If the media is other than air, equation (V-11), written in terms of the

Mach number, should be used, i.e.,

(ﬁeff)v B ﬁeffNF (1 - 1.65 M) (v-12)
' 5 T I
9 Legend:
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é ;4 Lo Eg'ngx Flcxv Past Length ®=160db A=160db —]
" & U ective Aperture Len _ _
ool ¢ With Zero Flow g 0'027. 7= 0'021.
9\93 t = 030 in t = 0.30 in
IR L =051 in. L = 051 in. ~ |
é N d = 0099 in. d = 0051 in
T2
Eg (1-0.00143V )
= f ——
Ei ; -_ZL____
=0
) 100 200 300 400 500
FLOW - PAST VELOCITY, Vp - ft/sec
Figure V-9. Effects of Velocity Past Apertures FD 31408A

on Effective Aperture Length

Flgures V-10 and V-11 show a comparison of the reactance data computed
using equation (V-11) substituted for leff of equation (V-10) and the
experimental reactance determined by the pressure phase data. A significant
amount of data scatter was found to exist with the maximum error being 23.27%.
It was concluded from the results that further experiments should be
conducted with samples or various thickness, open area, and aperture

to determine a more acceptable correlation.
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Figure V~11l. Comparison of Reactance Data FD 31409A

With Theory for Sample With
0.1-in. Diameter Apertures
The exact causes of the differences between the earlier data and
the pressure-phase velocity data are not presently known; however, they
are believed to be due to the differences in the test procedures. The
earlier data were obtained with an ASTM-type impedance apparatus in
which the test sample was a flat plate and did not have a closed volume

backing cavity. (See figure V-12.) This allowed the incident sound
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wave to pass through the apertures of the sample and be carried out the
flow-duct instead of interacting in the cavity and reradiating back into
the impedance tube. Also, in the ASTM-type experiments a probe tube

was used to investigate the standing wave which is established in a
gaseous media flowing toward the sample. This flow toward the sample
can distort the standing wave pattern along the length of the tube.
Since the acoustic characteristics depend on the probe tube measuring
the pressure maximum and minimum and their distances from the sample,

the wave distortion can cause errors of unknown magnitude in the data.

GNg Flow To Sound Source

Flow Orifice

Sound Source —/

Static Pressure Tap

Impedance Tube GNg Exhaust
Traversing ) / - éua
~ Sample

Mechanism N "
~ - Apertures
L 2 J Pitot Tube
A \\
\ t
Flow Orifice y
GN2 Secondary - AX
Flow Entrance —G= 2 Flow Duct

Figure V-12. Simultaneous Flow Apparatus FD 21980

It is recommended that further experiments should be conducted to
better define the effect of higher gas velocities on the acoustic char-
acteristic of a resonator. The experiments should be conducted with
flow of different density to determine if the flow effects are dependent
upon velocity or Mach No. and with samples of various thickness, open

area ratio, backing cavity depth, and aperture diameter.

V-13



10.

11.

12.

13.

Pratt & Whitney Rircraft
PWA FR-3299

SECTION VI
REFERENCES

Ingard, U., "On the Theory and Design of Acoustic Resonators,"
JASA, Volume 25, No. 6, November 1953.

"A Study of the Suppression of Combustion Oscillations With Mechanical
Damping Devices,'" Pratt & Whitney Aircraft Report No. PWA FR-2596,
November 20, 1967.

Ingard, U., and H. Ising, "Acoustic Nonlinearity of an Orifice,"
JASA, Volume 42, No. 1, July 1967.

Bies, D. A., and O. B. Wilson, Jr., JASA, Volume 29, pp. 711-714
(1957) .

Ingard, U., and S. Labate, "Acoustic Circulation Effects and the
Nonlinear Impedance of Orifices," JASA, Volume 22, No. 2, March 1950.

Blackman, A. W., "Effect of Non-Linear Losses on the Design of Absorb-
ers for Combustion Instabilities,' Journal American Rocket Society,
Volume 30, No. 11, pp. 1022-1028, November 1960.

Sirignano, L., L. Crocco, and D. T. Hanje, "Acoustic Liner Studies,"
3rd ICRPG Conference, CPIA Publication No. 138, Volume I, October 1966.

"A Study of the Suppression of Combustion Oscillations with Mechan-
ical Damping Devices,'" Phase II Summary Report, PWA FR-1922,
15 July 1966.

"Use of Partial Derivatives in Variation Analysis,' Pratt & Whitney
Aircraft Report No. PWA FR-1993, 30 September 1966.

"Suppression of Combustion Oscillations with Mechanical Damping
Devices,'" Quarterly Progress Report, Pratt & Whitney Aircraft
Report No. PWA FR-3101, 15 January 1969.

Dodge, Barnett F., Chemical Engineering Thermodynamics, McGraw-Hill
Book Company, Inc., New York and London, 1944, p. 328.

Kinsler, L. E., and A. R. Frey, "Fundamentals of Acoustics,"
Second Edition, John Wiley & Sons, Inc., New York, New York, 1962,
pp. 225 and 241. ’

Phillips, B., '"Recent Advances in Acoustic Liner Technology,"
5th ICRPG Conference CPIA Publication No. 183, December 1968.

VIi-1



Pratt & Whitney Rircraft
PWA FR-3299

APPENDIX A
APPLICATION OF THEORY

1. DEVELOPMENT OF DESIGN EQUATIONS

An absorbing liner may consist of a perforated cylindrical element
that is concentric to, and separated from, the combustion chamber
pressure shell by support rings. In principle, the liner is composed
of a parallel array of Helmholtz-type resonators that when properly
designed can absorb large amounts of energy. In the following para-
graphs the phenomenological correlation predicting the acoustic resis-
tance as a function of particle velocity is used to develop equations
for a new liner design technique. This technique produces the optimized

liner design for a given case of instability.

The specific impedance of a Helmholtz resonator (Reference 12) is

defined as:

- pPc u (A-1)

for an array of resonators equation (A-1) becomes

P
g = & L
pC olu (A'Z)

where (Reference 2)

ol = 1 -2 (A-3)

which is a correction for high open area ratios. The specific impedance

is made up of real and imaginary components in the following manner:
Z = (6+ iXx), (A-4)

Substituting equation (A-4) into equation (A-1) and solving for the
particle velocity, u, gives

P
u = =8 L

S a@pe (6+ iX)

(A-5)
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Using the phenomenological correlation for the acoustic resistance

(Section III)

0.37 P
R = ——2—“ (A-6)
C
f

and converting to specific acoustic resistance by use of the relationship

6= R
- dlpc A-7)
gives
g = 0.37l; (A-8)
61 ch

Substituting equation (A-5) into equation (A-8), squaring to eliminate
the imaginary term, and rearranging gives

2
2
P.C_.g
4 2 2 [ 1%
u + (2.701 ch ux)” = ‘6T§7;' (A-9)

At resonance the reactance (X) is zero, therefore, equation (A-9) reduces

to

2
PiCe 8

0.37p (A-10)

It is important to note that the particle velocity at resonance is
independent of the liner configuration and depends only on the total
pressure; experimental results from the present program are in excellent

agreement with equation (A-10). (See figure A-1.)

A-2




Pratt & Whitney Rircraft
PWA FR-3299

600
500
uy/Cg = Rt /@
037p ;
g 400 i
n
2 /{
' 300
5" A Legend:
\5 g L d t Cy
= 200 % | in. | in.| in. | - |
ol 5.4 | 04 {0.052] 0.10]0.78
ol 54 | 06 [0.052] 0.10 [ 0.78
100 Al 80 | 04 [0.056] 0.10 [ 0.69[—
©| 80 06 [0.056] 0.10 | 0.69
= Theory
0 A
OL‘/‘ 140 150 160 170 180

TOTAL SOUND PRESSURE, P, - db

Figure A-l. Correlation of the Orifice Particle FD 31186
Velocity at Resonance with the Total
Sound Pressure

2. ABSORBING LINER CALCULATIONS

The following calculations illustrate a method that gives the

optimized liner design for an assumed level of absorption desired at

the frequency of instability. The gas properties and flow coefficient

assumed for this example are

P = 0.075 lbm/ft3
¢ = 1130 ft/sec
Cf = 0.78

It is assumed that the flow coefficient can be controlled when the

liner is fabricated.

The peak combustion pressure oscillation amplitude

is assumed to be 159 db” (Reference 0.0002 microbar) occurring at a

frequency of 2000 Hz.

*A low sound pressure
could be tested with

was assumed so that the resulting configuration
the high frequency impedance measuring apparatus.

In normal application to rocket chambers this value would correspond

to a sound level of

180 to 190 decibels.
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A. No Flow or Flow Past Calculations
1. Conditions at Resonance

The resonant frequency of the liner design is taken to be the fre-
quency at which the highest level of instability is expected to occur,
Assume the amount of absorption that is required at resonance to stabilize
combustion is 90%. It is believed that 507 absorption in a rocket chamber
is sufficient to suppress most instabilities to an acceptable level, If
higher absorption values (above 80%) are desired at sound levels greater
than 170 db, large open area ratios (25% or greater) are necessary which
are impractical for applications to rocket engines. If, however, the
liner is to be used under conditions where high open area ratios are

acceptable, then high absorption values can be assumed.

The absorption coefficient is defined as
= - 42 5 - (A-11)
B+ +X

For 90% absorption at resonance (X = 0) the required resistance can be
solved for

40

0.90 = —————9——3
(0O + 1)

§2 -2.44 60 +1=0
o] (o)

@ =1.92; 0.02*
(o}

With a steady flow (Mp) of gas past the liner it is necessary to
determine the resistance of the liner if no flow were present by using
the relationship developed in Section V, which describes the effects of

flow past on the resistance.

— oM /(1 + 1.9 Mp) (A-12)

1%

*According to Reference (13), only values of § 21 should be used in this
type of design analysis; therefore, the lower value of 8, should be
ignored,
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where OMp is 6, the resistance required for 90% absorption at resomance.

In the example calculations Mp = O then

The particle velocity at resonance is given by equation (A-10)

7
PiCe 8
u = ey

o 0.37pP

where Pl is 159 db (Reference 0.0002 microbar) or 53—1bf/ft2

(53) (0.78)%(32.2)
(0.37) (0.075)

u 191 ft/sec

o
Now the resistance and particle velocity at resonance are known and

the required open area ratio satisfying these values are obtained

from equation (A-8)

0.37 u
) - — 9
NF 2 g
Ce Gc
0.37 u_
£ CUNF

(0.37) (191)
(0.78)2(1130)(1.92)

0.054

using equation (A-3) gives

0.054 = —~—
1 -02

62 +18.50-1=0

g = 0.054
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At this point it is necessary to assume a liner aperture diameter and
liner thickness:

d
t

0.052 in.
0.10 in.

W

Using the expression for the effective length (see Section V) with flow

past the liner gives

egs =(?%T + 7&?) (1 - 1.6 MP) (A-13)

= 0,013 ft where for this case Mp = O.

Now the required backing distance of the liner cavity is calculated

from the equation for resonant frequency.

T /%1 (A-14)
£ = o L [eff
1130 2 (0.054
2(3.14) (2000) 0.013

L—
L = 0.035 ft
L = 0.415 in.

This sets all liner parameters to give 907 absorption at 2000 Hz, with

no flow past the liner. A summary of the liner design shows

5.4%

0.415 1in.
0.052 in.
0.10 in.

ug = 191 ft/sec

(o S = PR o ~ |
]

2. Nonresonant Conditions

It is necessary to investigate if this liner has sufficient absorp-
tion at frequencies other than that of resonance. The maximum particle

velocity occurs at resonance, therefore, a particle velocity which is
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less than the value calculated at resonance can be chosen and used in
equation (A-9) to compute the reactance. This technique applies only
for particle velocities that are in the nonlinear range; i.e.,

2 60 ft/sec.

To determine the reactance, use equation (A-9) and substitute the

results of equation (A-10), giving
/ 2 2
N + glgi:iif =u 4 (A-15)
" 0.37 o
Assume a particle velocity less than that at resonance

u = 180 ft/sec

Solving equation (A-15) for the specific reactance (X) gives

9 2
(180)4 N < 0.054 (0.78% 37(1130) (180) > x?2 = (191)4

X=%0,92

where the negative reactance corresponds to a frequency below resonance
and the positive value to a frequency above resonance. Using a definition
for specific reactance (Reference 2) the frequencies for the above values

are calculated

om Legs c 11
X==— -—_ = = -
- o, [T LT (A-16)
t0.92 < 2(3.14) ( 0.013 ) f- 1130 ) 1
1130 0.054 2(3.14) (0.035) / f
f = 1651 for X = -0.92
f = 2409 for X = +0.92

Now the resistance with a particle velocity of 180 ft/sec is determined

from equation (A-8)

9 = 0.37 ;
61 ch
_ 0.37(180)
"~ (0.054) (1130) (0.78)2
9 =1.8
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The resistance is now corrected to account for the effects of flow past

the liner
] =6(1L + 1.9 M) (A-17)
M, NF P
] =@ =1.8 since M_ = 0
MP NF P

The absorption coefficient at both frequencies is determined from

equation (A-11)

o = 40
- 2
(6 + 1)2 + X
_ 4 (1.8)
(1.8 + 1)2 + (0.92)2
= 0,83
a = 83%

The absorption coefficient at frequencies farther from resonance is
determined by assuming increasingly smaller particle velocities below
the maximum value at resonance and repeating the process which follows

equation A-15.

The liner designed for the no flow case (MP = () was tested with the
high frequency impedance apparatus so that a comparison of the design
results with the actual experimental results could be made. Figure A-2
shows the absorption coefficient versus frequency for the experimental
results compared with the new design theory and old theory which calcu-
lated the resistance by use of the nonlinear correction term. A com-
parison of the individual acoustic components are shown in table A-1

where the subscript E refers to the experimental results.
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Figure A-2. Comparison of Experimental Results FD 31185

With the New and Old Design Theories

Table A-1. Comparison of Design Theory With Experimental Results

f, u, ue, ;) X a, aE,
Hz ft/sec ft/sec 6 2 X E VA VA
645 50 46 0.5 0.9 -7.3 -8.0 4 5
835 70 62 0.7 1.0 -5.2 -5.8 10 10
995 90 80 0.9 1.0 ~4.0 -4.4 19 16

1135 110 99 1.1 1.2 -3.1 -3.4 29 29
1260 130 115 1.3 1.3 -2.5 -2.9 46 38
1401 150 135 1.5 1.6 -1.9 -2.1 61 56
1561 170 151 1.7 1.7 -1.3 -1.6 76 68
1651 180 160 1.8 1.8 -0.9 -1.3 83 76
2000 191 179 1.9 1.9 0.0 -0.1 90 90
2409 180 173 1.8 1.8 0.9 0.7 83 86
2561 170 173 1.6 1.7 1.3 1.0 76 82
2856 150 150 1.5 1.4 1.9 1.6 61 67
3165 130 130 1.3 1.1 2.5 2.0 46 53
3525 110 113 1.1 0.9 3.1 2.4 29 37

0.7 0.5 5.2 3.2 10 16

4795 70 68
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B. FLOW-THROUGH CALCULATIONS

For an example calculation assume a Mach number of net flow through

the apertures

MT = 0.10

and use the same design requirements as used for the flow-past calculations.

1. Conditions at Resonance

In the flow-past calculations the particle velocity at resonance was

calculated to be
u = 191 ft/sec

For air the particle velocity Mach number is

M = 0.17
o

Before making additional calculations it is necessary that the following

condition (see Section V) be satisfied
MT > 0.5M0 (A-18)

if this condition is not met then the design calculations should be
made in the same manner as for the no-flow case. Using equation (A-18),
it is seen that for the sample calculation the above requirement is sat-

isfied

0.1 > 0.5(0,17) = 0.085

The resistance at resonance was found as
6 = 1.92.
o)

Now the resistance at resonance and the flow through Mach number are known
and the required open area ratio satisfying these values can be determined

from equation (V-7).
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0.1
1.92(0.78)3

= 0.11
Using equation (A-3) gives
o = 0.109.

At this point it is necessary to assign a liner aperture diameter and liner

thickness

d = 0.052 in.
t = 0.10 in.

The effective length is determined as

_t .4
bees =12 T 12

0.013 ft

Now the required backing distance of the liner cavity is calculated as in

equation (A-14)

0.68 ft.
0.82 in.

]

This sets all liner parameters to give 90% absorption at 2000 Hz with flow

through Mach number of 0.,1. A summary of the liner design shows

g = 10.9%

L = 0,82 in.

d = 0,052 in.

t = 0.10 in.
M= 0.17
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2. Nonresonant Conditions

When condition A-18 is satisfied the resistance is determined by
equation (A-19) and since the flow through is assumed to be constant

then the resistance is constant over all frequencies (see Section V).
6 = 1.92.
The reactance is calculated from equation (A-16) by assuming a frequency

1700 Hz
- 0.32

then X

The absorption coefficient is calculated from equation (A-11l) and

(6 + 1) +X
. 4(1.92)
- 2 2
(1.92 + 1) + (0.32)
a = 0.83
a = 83%

Since the resistance is constant it is seen from equation (A-11) that
the absorption coefficient is only effected by changes in reactance. To
determine the absorption coefficient over a band of frequencies it is
necessary to choose the frequencies, calculate the corresponding react-

ance and use equation (A-11) to determine the respective absorption coef-

ficients.
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APPENDIX B
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MEASURING TECHNIQUE
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This appendix is divided into four sections; in the first a de-
scription of the basic impedance measuring apparatus is given and the
necessary impedance relations are derived in the second. The error
analysis of the experiment appears in the third part, and a description

of the ancillary components follows.

1. BASIC APPARATUS

The pressure-phase impedance device is shown in figure 3-1. The
device consists of a square duct of fixed length and uniform cross sec-
tion, which unlike the ASTM impedance tube, can be made as short as
desired without imposing a frequency limit on the apparatus.. At one end
of the duct, a source of sound waves is placed, and at the other end, the
specimen to be tested. An audio oscillator (signal generator) drives
the speakers causing plane waves to be transmitted longitudinally along

the tube.

When the longitudinal wave is incident on the sample at the end of
the tube part of its energy is reflected back up the tube in the form of
another pressure wave. The incident and reflected waves set up a
standing wave in the tube that has a maximum pressure amplitude at the
sample face, a small microphone mounted flush in the side wall of the

tube at the sample is used to measure the pressure.

The portion of the incident sound energy that is not reflected back
up the tube is transmitted through the apertures and into the resonator
cavity. The energy in the cavity, also in the form of sound pressure,
is measured with a second microphone located on the back wall of the
cavity. (See figure B-2.) The outputs of both microphones are fed
through a wave analyzer to a millivolt meter so that the pressure
amplitudes of the sound level in front of the sample and in the cavity
can be read. In addition, as shown in the schematic of figure A-3,
the outputs of both microphones are connected to a synchronous filter
and phase meter to determine the phase difference between the incident

and transmitted waves.
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Rear Cavity Wall
%-Cavity Spacer
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FE 79720

Figure B-1. High Frequency and High-Sound FD 25289
Pressure-Phase Angle Impedance Tube

Back Wall

Figure B-2. Resonator Test Section FD 23078
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2. DERIVIATION OF IMPEDANCE RELATIONS

A typical Helmholtz resonator at the end of a tube is shown in

Phase-
meter

Digital
Volt-

meter

FD 29167

PWA FR-3299

figure B-4. Also shown are two microphones, one mounted in the side

wall to measure the sound pressure in front of the sample, Pl’ and one

on the rear wall to measure the sound pressure in the cavity, P2'

With

the signals from both microphones the phase difference, ¢ , between the

two pressures can be determined.

Figure B-4.

Helmholtz Resonator in Impedance
Tube

Facing Sample

Py

FD 23080
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The total impedance of a resonator assembly is composed of two parts

Ztotal = Zplate + Zair cavity (B-1)

If u is the oscillatory gas velocity amplitude in the apertures and p
and c are the density and sonic velocity, respectively of the test media,
0 is the ratio of the area of the apertures to the cross-sectional area
of the tube, by definition the impedance is the complex ratio of the

pressure difference and the particle velocity

. P (B-2)
plate gPcu

and also for a partitioned cavity

P2 i
Zair cavity = ocup T kL (8-3)

Solving equation (B~2) for u, substituting into equation (B-3) and

solving for Z gives:

plate
P
i 1
Zplate ~ kL [PZ - l] (B-4)

where k, the wave number, is defined as k = w/c.

Using a mathematical identity, the ratio of the complex pressures

can be expressed as:

P P . P P
# = ['ﬁl] e-ld, = [P—l] cos ® - i [P—l-] sin ¢
2 2 2 2

Substituting the identity into equation (B-4)

P P
R S I N _ i _ 1
Zolate = kL [Pz] sin é - 7 [1 p, °°° "]

Solvi . _ . .
olving equation (B-1) for Ztotal gives

P P
1 '—l] sin ¢ - i 1 - 1
2

i
Zeotal = kL | P KL P | °°° d’] + (8-5)

kL
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or r i P 3
1| 1L
Ztotal T kL lel sin ¢ + 1 [EE 'F; cos ¢J (B-6)

The total impedance is a complex sum; the real part is the resistance,
§, and the imaginary part is the reactance, X. By inspection of equation

(A-6) it is evident that the resistance can be determined from

P
R S (N R
6 = o [Pz] sin ¢ (B-7)

and the reactance from

P
N S I
X = = [P ] cos ¢ (B-8)

As shown in Reference 5, the normal incident sound pressure can be

obtained from

1
2 2\ 2
_ Zz-11_ (6 -1)" +X )
P, =P 1+=—=|=pP 1+ (3-9)
i 1/[ z+1] 1 <(0+1)2+x2

Additional acoustic parameters that can now be computed are:

Absorption coefficient

a = 49 (B-10)

(6 + 1)2 + x2

Nonlinear resistance correction factor

bgc
yw

Ang/d = - (t/d + 1) (B-11)

where

¢ is the open area ratio of the facing,
v is the kinematic viscosity of the media and

w is the angular frequency

In addition, the oscillatory flow velocity in apertures is computed

using equation (B-3)

u = kLPz/(apc) (B-12)
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and the aperture effective length is obtained by setting the inertance
of the sample (Reference 5) equal to the impedance of the plate
(equation B-4)

=

- aczplate - Jgc 13
Lett omE IWEKL | P (B-13)

3. ERROR ANALYSIS OF TECHNIQUE

An error analysis of the pressure-phase angle method of determining
the acoustical properties of a liner was performed using the "method of
partial derivatives." (See Reference 9.) According to this method, the

error in a calculated value may be approximated as

2 2 2
2 _ [oF 2 JF 2 JF 2
g~ (axl) o X, + (ax?_) o X, o (axn) "xn (B-14)

where F is the calculated function

Xl’ XZ’ oo Xn are the variables used in calculating the function

oF JF oF . N

BXI s 52; s o BXn are the partial derivatives of the calculated
function with respect to the variables Xl’ X2’ “ee Xn

aXl, 6X2’ ces dxn are the estimated errors in measurement of the
variables Xl’ X2, N Xn

and 9F is the estimated error in the calculated function due to the

errors in the measurement of the variables Xl’ X2, . Xn'

In using the pressure-phase angle method for determining the acous-

tical properties of a liner the following variables must be measured:

. Sound pressure level in front of the liner
. Sound pressure level in the cavity
. Frequency of the sound pressure oscillations

1
2
3
4. Phase angle between these sound pressures
5. Gas properties of the system

6

. Geometry of the system,

For this analysis, it was assumed that there was no error in measuring

the geometry of the system and that the gas properties contributed no

B-6
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error. Thus, only the two sound pressure levels and the phase angle

between them were considered in estimating errors.

It is believed that these are valid assumptions for impedance tube
testing or other experiments where the geometry and gas properties are
well known. For hot testing, an analysis should be carried out which
considers all of the variables because gas properties and even parts of

the geometry may not be well known.
The following calculated values were analyzed:

. Gas particle velocity in the aperture, u

Resistance, R

Reactance, X

Impedance, 2

. Absorption coefficient, o

SN s~ W N
.

. Incident Pressure, Pi'

Each of these parameters were analyzed in the same fashion. An
equation for the parameter was written in terms of the variables listed
above, and then the appropriate partial derivatives were taken and

inserted in the general equation (B-14), The results are given below.
a. Gas Particle Velocity in the Aperture, u

o, = (0.115 Odb,) u (B~15)
where o, is the estimated error in u
and oﬂbz is the estimated error in measurement of cavity SPL in db.
Thus, an error of 11.5% per db of error in measuring cavity SPL is
estimated. If an error of 0.5 db is estimated in cavity SPL measurement,

then the estimated error in u is 5.75%Z.

b. Resistance, R

2 2
Tr =\/" (R/phase) * 0 (r/spL) (8-16)
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where
Ok is the estimated error in R
(R/phase is the estimated error in R due to error in phase
angig measurement
G(R/SPL is the estimated error in R due to error in SPL
measurement ;
and
=10.115 2 + 2 R 7
Orr/spL) ~ \ 9 Sab, * Tav, (B-17)
O(/phase) = [0.0174 (cot ¢)dd>]R (B-18)
where
¢is the phase angle
0¢is the estimated error in phase angle measurement
ddbq is the estimated error in measurement of SPL in front
of the liner
oﬁbz is the estimated error in measurement of cavity SPL.
The okR/phase) is negligible except below 10 deg and above 170 deg.

(See figure B-5.) Between 10 deg and 170 deg, @
equal to 0(

R is approximately

R/SPL)’ which for ddbl = Udbz = 0.5 yields an estimated

error of 8.1%Z in R.

C.

Reactance, X

2 2
9% ~ \/‘7 x/sPL) T 9 (X/Phase) (B-19)

where the terminology is the same as above for resistance

and

The

2 2
= -20
9x/SPL) <0.115\/1 ab, + g db2> X (B-20)

a(X/phase) = [0.0174 (tan ¢)O'd>] X. (B-21)

error indicated here is similar to that given above for resistance,

except that the region of high error here is between 80 deg and 100 deg

because of the tan ¢ term. (See figure B-6).

B-8




Pratt & Whitney Rircraft

120 ¢

100

®
o
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PHASE ANGLE, ¢ -deg
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0
0
Figure B-5.
120
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=
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Figure B-6.

d. Impedance, 2

30 60 90 120
PHASE ANGLE, ¢-deg
Estimated Reactance Error as a
Function of Phase Angle

2 2
g, = 0.115.\/g v, * 0 a, Z

PWA FR-3299
150 180
FD 29169
150 180
FD 29170
(B-22)

where 0. (the estimated error in calculating Z (is 11.5% per unit value

Z

of the radical. For adbl = odbz = 0.5, we get an estimated error of

8.1%.
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e. Absorption Coefficient, a

_ z -1\ [2 2
g, = |0.115 (z +_1)\/0 a, +q a, @ (B-23)

since Z is positive, 04 (the estimated error in a) should always be less

than or equal to 11.5% per unit value of the radical. For oab = °Ab2 =
1
0.5, the estimated error always is less than or equal to 8.17.

f. Incident Pressure, Pi

2 2
g =, /g + g (B-24)
Pi \/ (Pi/dbl) (Pi/Z)

where
(1] is the estimated error in P,
Py i
d(Pi/dbl) is the estimated error in Pi because of errors in
measuring sound pressure level in front of the liner
O'Pi 7) is the estimated error in Pi due to errors in
caicu{ating Z
and
i 4 = 0.115 @ P (B-25)
(Pi/dbl) db, 1
Iz 26
o = — -
(P;/2) Z (Z+ 1D i (B-26)

Combining these equations we have

2 2
) Tab, T %,
OP = 0.115 Pi o db + 2
i 1 Z (Z + 1)]
Using Ohbl = oabz = 0.5, we have
0.5
Op = 0.1154/0.25 + > Pi (B-27)
i [ [Z (z + l)]

The second term under the radical is negligible when Z >1. So the
estimated error in P, is approximately 5.75% for Z>1. For 0.5<Z<1,
the estimated error is less than 12.5%. For Z<0.5 the error increases

rapidly. (See figure B-7.)
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Figure B-7. Estimated Error in Incident FD 29174
Sound Pressure as a Function
of Impedance

g. Conclusions

It can be concluded from this analysis that in impedance tube testing
or other cold flow experiments in which the gas properties and geometry
are well known, error in acquisition of data should not prevent good
calculated results if care is taken to assure that no large errors are
incurred in sound pressure or phase angle measurement. Exceptions are
given below. Large estimated errors occur when calculating

1. Resistance at phase angles of less than 10 deg or more

than 170 deg
2. Reactance at phase angles between 80 deg and 100 deg

3. Incident pressure when the calculated impedance is less
than 0.5.
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4. ANCILLARY COMPONENTS

The ancillary components used with the apparatus are:

Component

Wave Analyzer
Audio Amplifier
Electronic Counter

Condenser Microphones

Dual-Channel Power Supplies

Component

Dual-Beam Oscilloscope
Vacuum Tube Voltmeter
Dual-Channel Synchronous Filter
Synchronous Converter
Digital Phase Computer

Precisions DC Voltmeter
Pistonphone

Sound Sources

Manufacturing and Model Number

General Radio - Model 1900-A
Harman Kardon - Model BA-150 Watt
Hewlett Packard - Model 521CR

M & My - Bruel & Kjaer - Model 4138,
plus UA 0036 adapter, also 2615
cathode follower

Bruel & Kjaer - Model 2803
Manufacturing and Model Number

Hewlett Packard - Model 132A
Hewlett Packard - Model 400DR
AD-YU Electronics ~ Model 1034
AD-YU Electronics - Model 1036
AD-YU Electronics - Model 524A3

Honeywell - Model DC-110BR, or
optional Digital Voltmeter.

Bruel & Kjaer - Model 4220 (for
microphone calibrations)

Atlas Sound Driver Unit - Model PD-60T

The function of each component is as follows:

1. The GR1900-A Wave Analyzer measures the output of the
microphones through an adjustable narrow (+ 3, 10 or 50 Hz)

band-pass filter.

The analyzer's tracking generator output

provides the driving signal.

2. The Counter and Vacuum Tube Voltmeter are used to monitor
the frequency and amplitude of the driving signal.

3. The Audio Amplifier boosts the power of the driving
signal to the level required.

4. The Audio Driver converts the electrical signal to sound.

5. The Condenser Microphones provide electrical signals
equivalent to sound pressure level,

6. The Microphone Power Supply provides the polarization
voltage to the microphones and contains an attenuator
for standardization and an emitter follower for isolation.

7. The Dual Beam Scope is used to monitor microphone outputs
for approximate level and phase and for distortion.
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The block diagram of the Type 1034 Dual-Channel Syncronous

Filter is shown in figure B-8.

Since both channels are

identical, only channel 1 is shown and described.

The distorted, and/or noisy signal is amplified before
being applied to the balanced mixer circuitry through an

emitter-follower.

The balanced mixer also receives

signals from an emitter-follower, the frequency of which

is the syncronized input (a 2.4 volt

signal containing the

carrier frequency mixed with an audio frequency which is
the fundamental frequency of the distorted signal input.
Both input circuits contain emitter-followers in order to

provide high input impedances.

The output of the balanced

mixes is fed to the crystal filter, from which only the
recovered carrier frequency (with amplitude proportional
to the fundamental component of the distorted signal

input, and with phase angle equal to
allowed to emerge. After two stages
LC filter circuit is used to provide
of the recovered carrier. One stage
fier provides voltage amplification,

that input) is

of amplification an
even greater purity
of the output ampli-
while the other stage

provides three low impedance outputs; both "HI'" and "LO"
outputs and a selectable D.C. metering circuit.

Synchronous Emitter
Input Follower |
Balanced Crystal | | . L-C Output
Mixer Filter Amplifier Filter[ | Amplifier
Input ‘ l
Input == Amplifier LO HI
AC
Outputs
Overload (D | ]
Indicator Metering | |
Circuit
DC Output —=——
Figure B-8, Block Diagram of One Channel of FD 29168

Model 1034 Dual-Channel Synchro-
nous Filter

Type 1036 Synchronous Converter is especially designed to
be used together with Type 1034 Dual-Channel Synchronous
Filter. Figure B-9 shows a block diagram of Type 1036.

(Ea is a synchronized audio signal. The output signal has
constant amplitude and frequency equal to crystal frequency
plus input signal frequéncy.) The input amplifier provides
a high input impedance. The wideband 90-deg phase shifter
produces two signals, E; and E; + 90°. These two signals
have exactly 90-deg phase difference and equal amplitude.
The frequency equals that of the input audio signal, f_,
and changes as the frequency of the input signal changes.
The two balanced mixers produce E; and E2, containing only
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the upper and lower sidebands of their inputs (suppressed
carrier). The crystal oscillator supplies signal, E., at
the exact center frequency of the crystal filters used in
Type 1034 Dual-Channel Synchronous Filter. The 90-deg

phase shifter generates two outputs, E. and E. + 90°, with
equal amplitude. Since the amplitudes of E; and Ez + 90-deg
are equal and their frequencies always follow the input
audio frequency, W,, one can write two expressions for the
output of the balanced mixers, E; and Ej, as follows:

E

1 kEaEC sin (Wc + Wa)t - sin (Wc - Wa) t

E2 = kEaEC sin (Wc + Wa)t + sin (WC - Wa) t
The sum amplifier accepts E; and E) and produces its alge-
braic sum, E3, such as Ey=E; + Ey = 2kEaEC sin (WC + Wy) t.
The output amplifier provides low output impedance to
drive up to 40 channels of Type 1034 Synchronous Filter.
The voltmeter circuit can be switched by panel control to

read the amplitude of either the output signal or input
signal on the panel meter.

—aly Wide-Band ——gizj ﬁl-
ide-Ban Balance Mixer .
Audio =g Alnp;j‘; f=—  90-deg Ea Sum@ng& Output _V_V_aiwc
Input mpiitier Phase Shifter — JE2 |Amplifier Amplifier | gy pchronous
Balance Mixer .
Signal
Ece_ 9 E
Crystal |_ | 90-deg Phase @ Output
Oscillator Shifter Voltmeter T Input
Figure B-9. Block Diagram of Type 1036 Syn- FD 29163

chronous Connecter

10. The Type 524A Phase Meter provides a D.C. level output
proportional to the phase difference between it's inputs.

11. The Digital Voltmeter measures the phase meter output
and by means of an AC to DC converter can read the syn-
chronous filter's outputs as an additional measure of
sound pressure level.
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APPENDIX C
FLOW COEFFICIENT EXPERIMENTS
In order to explain the high frequency test results, an experiment
was performed to determine if the hydraulic flow coefficient of the
sample orifices was related to the sample-to-sample differences in the
acoustic resistance and particle velocity data. The flow coefficient
(Cg) of each sample was calculated from the following equation (Ref-

erence 11).

2gp.AD .
w=C. A Y —p1—4 (c-1)
1 -8
where
w = mass flowrate

Ay = orifice flow area

Y, = expansion factor accounting for effects of compressive flow
g = gravitational constant

P1 = upstream fluid density

Ap = pressure differential across the orifice

B = ratio of upstream to orifice diameters.

A flow rig (figure C-1) was fabricated for the experiment. The rig
consisted of a plenum chamber supplied with a metered quantity of nitrogen
which was allowed to vent through the sample apertures. A static pres-
sure tap was located upstream of the sample. A spacer plate which formed
the cavity side walls in the high frequency tests was installed down-
stream of the sample to simulate any wall effects on the flow exhausting

from the apertures.

Flow Orifice

Spacer
Plate
1
Supply Line
Gaseous Nitrogen
Figure C-1. Apparatus for Measuring Resonator FD 29164

Facing Flow Coefficient

c-1
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The following procedure was used in evaluating the flow coefficient
by use of equation C-1. The mass flowrate was determined by use of a
calibrated flowmeter. The orifice flow area, Ay, was taken to be that
of a single orifice having the same area as the total area of all the
small apertures in the sample. The expansion factor was calculated

from the following equation (Reference 11).

2/ -1 /v]
v =\’ﬁv/<v-1)] r2/7 (1 -y ]

1 -r (C -2)

where

r = PZ/P].

is the ratio of the upstream static pressure to the downstream ambient
pressure. By measuring the static pressure upstream of the sample in

the plenum chamber the pressure differential across the orifice was
known. The diameter ratio, f , was calculated as the ratio of the
upstream diameter, Dy, to the effective diameter of the sample apertures
where effective diameter was calculated as the diameter of a single
orifice of area A,. Sufficient flow was supplied to the sample apertures
to produce velocities of the same magnitude as the peak velocities
obtained in the high frequency tests. A list of the flow coefficient

and the velocity range over which they were measured appears in the

table below.

Minimum Flow Maximum Flow Average Flow
o t Velocity Coefficient Velocity Coefficient Coefficient
in. ft/sec ft/sec

1.5 0.10 433 0.68 447 0.70 0.69
3.0 0.10 447 0.76 493 0.71 0.73
3.95 0.09 443 0.86 519 0.86 0.86
5.65 0.09 © 334 0.86 456 0.84 0.85
6.95 0.10 284 0.67 349 0.67 0.67
8.00 0.10 293 0.68 384 0.68 0.68
8.85 0.10 242 0.61 325 0.60 0.61
10.8 0.10 301 0.93 348 0.91 0.92
13.0 0.10 276 0.85 290 0.81 0.83
5.4 0.05 363 0.70 430 0.66 0.68
5.4 0.10 356 0.78 424 0.78 0.78
5.4 0.15 340 0.71 410 0.71 0.71
5.4 0.20 311 0.60 381 0.64 0.62
5.4 0.25 337 0.68 405 0.69 0.69
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Acoustic data obtained under the present program are listed in the
following tables., For simplicity, the IBM printouts from the data re-

duction deck are used.

A brief title describing the type of data precedes each individual
listing. ©Next the properties of the gaseous medium and the dimensions
of the resonator assembly that are input into the deck are listed. The

following list identifies each header.
DEN Density (Cavity Gas), 1bm/ft3

SONIC Somnic Velocity (Cavity Gas), ft/sec

Vis Dynamic Viscosity (Cavity Gas), 1b,/ft/sec
CF Flow Coefficient

SIG Open Area Ratio

XL Cavity Backing Distance, in.

T Liner Thickness (aperture length), in.

D Aperture Diameter, in.

Then a listing of the experimental data and results follows:
Data FREQ Frequency, Hz
PAl Chamber Pressure Amplitude RMS, lbf/in%
PA2 Cavity Pressure Amplitude RMS, 1bf/in2
PHASE Phase Angle, deg
Results INERT Specific Acoustic Inertance
REACT Specific Acoustic Reactance
RESIS Specific Acoustic Resistance
IMPED Specific Acoustic Impedance
ABSOR  Absorption Coefficient

SPL Incident Pressure Amplitude, db

D-1
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DNLD

UORF

LEFF

K2RES

DNLDK

VELTH

VELPT

Nonlinear Correction Term
Particle Velocity in Apertures, ft/sec
Effective Length of Aperture, in.

Ky Resistance Proportionality Coefficient =

RESIS UCC%/UORF

Comparison of Nonlinear Correction Term with

Sirignano Theory
Velocity of Steady Flow-Through the Aperture, ft/sec

Velocity of Steady-Flow Past the Apertures, ft/sec
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